Diabetic retinopathy is a visually debilitating disease with limited treatment options available. Compound 49b, a β-adrenergic receptor agonist, has been demonstrated to effectively reduce disease pathogenesis associated with diabetic retinopathy. While the exact mechanisms are not fully understood, previous studies have determined that it reduces the proinflammatory cytokine, TNF-α, and inhibits apoptosis of the retinal microvasculture. As inflammation becomes more recognized in driving disease pathogenesis, so does the regulation by pro-resolving pathways as therapeutic points of intervention. The current study sought to explore whether Compound 49b had any influence on pro-resolving pathways, thus contributing to improved disease outcome. Using in vivo (animal model of type 1 diabetes) and in vitro (retinal endothelial cells, Müller cells, neutrophils/PMN) techniques, it was determined that high glucose lowers pro-resolving lipid mediator, resolvin D1 (RvD1) levels and differentially alters required enzymes, 5-lipoxygenase (5-LOX), 15-LOX-1 and 15-LOX-2. RvD1 receptors formyl peptide receptor 2 (ALX/FPR2) and G-protein coupled receptor 32 (GPR32) were also downregulated in response to hyperglycemic conditions. Moreover, it was observed that β-adrenergic receptor activation restored high glucose-induced decreases in both enzyme activity and RvD1 levels observed in vivo and in vitro. The current study is the first to describe a regulatory role for β-adrenergic receptors on pro-resolving pathways.
Introduction
Roughly 10% of Americans were diagnosed with diabetes in 2012 (National Diabetes Statistics Report, 2014). Given that nearly 60% of diabetic patients will develop some complications related to diabetic retinopathy, generation of novel therapies is of paramount importance. While it is clear that the retinal response to high glucose is multifactorial, including oxidative stress, vascular endothelial cell growth factor (VEGF), protein kinase C, inflammatory a1111111111 a1111111111 a1111111111 a1111111111 a1111111111 mediators, endoplasmic reticulum stress, and epigenetic changes, therapies to prevent or delay progression of diabetic retinopathy continue to elude scientists. It has been previously reported that docosahexaenoic acid (DHA) is abundant in the retina [1] . This omega-3 fatty acid has recently been linked to the activation of a number of enzymes and proteins reported to be anti-inflammatory, as well as protective to tissues [2, 3] . Among them includes resolvin D1 (RvD1), a D-series resolvin [4, 5] , which has been shown to display potent anti-inflammatory activity and control the inflammation-resolution balance in host defense. Hypoxia was one of the early signals found to stimulate the production of pro-resolving mediators, such as RvD1 and RvE1, as demonstrated in hypoxic endothelial cells [4] . Work in the oxygen-induced retinopathy (OIR) model of proliferative retinopathy has suggested that RvD1 is protective within the retina, which was correlated with reduced TNF-α levels [6] . Furthermore, 4-hydroxy-docosahexaenoic acid (4-HDHA), an intermediate metabolite of DHA through 5-lipoxygenase (5-LOX) activity, also reduced retinal neovascularization [7] . This response was subsequently blocked when 5-LOX was eliminated [7] .
In order to generate RvD1, DHA is metabolized by both 5-and 15-LOX [4] [5] , which selectively interacts with receptors ALX/FPR2 and GPR32 [8] . Using the streptozotocin model of type 1 diabetes, it was found that loss of 5-LOX (a key lipid mediator enzyme) resulted in reduced vascular damage, oxidative stress, and leukostasis [9] . Work in db/db mice has revealed that local application of RvD1 accelerated wound closure and decreased apoptotic cell accumulation [10] . Further studies using db/db mice revealed that RvD1 treatment was protective against development of type 2 diabetes [11] . Additionally, studies in HepG2 cells demonstrated that RvD1 attenuated endoplasmic reticulum stress-induced apoptosis in a model of non-alcoholic fatty liver disease [12] . Taken together, data from multiple tissues suggest that the pathological markers associated with diabetes lead to a significant reduction in resolvins, which may further contribute to exacerbated retinal damage.
We have previously reported that Compound 49b, a β-adrenergic receptor agonist, demonstrates both anti-apoptotic and anti-inflammatory properties in the diabetic retina and in retinal cells under hyperglycemic conditions [13] . For that reason, we questioned whether β-adrenergic receptor signaling may regulate lipoxygenase enzyme expression and resultant RvD1 production, particularly in two resident retinal cell types, REC and Müller cells. Polymorphonuclear leukocytes (PMN) were examined as well, in light of increased leukostasis and the mounting pathogenic role of inflammatory cells during the development of diabetic retinopathy. There is little on the role of β-adrenergic receptor regulation of lipid mediators in the eye. In vitro studies have demonstrated that protein kinase A (PKA) can phosphorylate 5-LOX in PMN [14] . In contrast, work in human airway endothelial cells suggests that 15-LOX-1 can decrease β2-adrenergic receptor phosphorylation, leading to decreased cAMP levels [15] . Additionally, mouse models of Alzheimer's disease have shown that norepinephrine induces expression of formyl peptide receptor 2 (ALX/FPR2) [16] , which is one of two known receptors for RvD1 [17, 18] . Thus, the potential regulatory role for β-adrenergic receptor signaling on RvD1 or lipoxygenase enzymes in a diabetic retinopathy model remains unknown.
We have previously reported that Compound 49b can reduce TNF-α, as well as SOCS3, under hyperglycemic conditions [13, 19] . Therefore, we hypothesized that diabetes or high glucose culturing conditions would decrease enzymatic levels of 15-LOX and downstream production of RvD1, which could be ameliorated by Compound 49b. Indeed, we found that high glucose and diabetic conditions significantly decreased 15-LOX, as well as RvD1 levels. In addition, lipoxygenase enzymes and RvD1 were increased following Compound 49b treatment.
Experimental procedures Animals
All mouse experiments were approved by the Institutional Animal Care and Use Committee at Wayne State University (Protocol# 11-08-14). C57BL/6J wildtype mice were purchased from Charles River Laboratories. Mice were made diabetic by injections of 60 mg/kg of streptozotocin dissolved in citrate buffer for 5 consecutive days. Control mice received citrate buffer only. Glucose measurements were done weekly, with glucose levels >250 mg/dL considered diabetic. At 2 months of diabetes, 10 control and 10 diabetic mice received Compound 49b (4 μL containing 1 mM) (formulated by Dr. Duane Miller, University of Tennessee Health Science Center, Memphis TN, in collaboration with Dr. Jena Steinle) topically onto each eye for 14 days. After 14 days of Compound 49b treatment, all mice were sacrificed and analyzed as described below.
Retinal endothelial cell culture
Primary human retinal microvascular endothelial cells (REC) were acquired from Cell System Corporation (CSC, Kirkland, Washington). Cells were grown in M131 medium containing microvascular growth supplements (Invitrogen), 10 μg/mL gentamycin, and 0.25 μg/mL amphotericin B. Prior to the experiment, cells were transferred to high (25 mM) or normal (5 mM) glucose medium (M131 medium with added glucose), supplemented with MVGS and antibiotics for 3 days. Only primary cells within passage 6 were used. Cells were quiesced by incubating in high or normal glucose medium without MVGS for 24 hr. Compound 49b treatment was then added at 50 nM for 24 hours, as done previously [13] .
Müller cell (rMC-1) culture
Müller cells (rMC-1; kindly provided by Dr. Vijay Sarthy at Northwestern University) were thawed and cultured in DMEM medium under normal glucose (5mM) conditions. Medium was supplemented with 10% FBS and antibiotics. Once cells reached~80% confluency, they were passed into dishes containing either high (25 mM) or normal glucose medium. Once ready for experimentation, cells were moved to the appropriate medium without FBS to induce serum starvation for 18-24 hours. Compound 49b was then applied at 50 nM for 24 hours prior to cell collection. to 49b treatment. To block the PKA pathway, cells were similarly cultured and transfected with PKA siRNA at a final concentration of 20 nM as previously described [21] using GenMute siRNA transfection kit (SignaGen, Rockville, MD) followed by 49b treatment.
Western blotting
After appropriate treatments and rinsing with cold phosphate-buffered saline, REC, rMC-1 and PMN were collected in lysis buffer containing protease and phosphatase inhibitors and scraped into tubes. Retinal extracts were prepared by sonication. Equal amounts of protein from the cell or tissue extracts were separated on pre-cast tris-glycine gels (Invitrogen, Carlsbad, CA), and then blotted onto nitrocellulose membranes. After blocking in TBST (10mM Tris-HCl buffer, pH 8.0, 150 mM NaCl, 0.1% Tween 20) and 5% (w/v) BSA, membranes were treated with the following primary antibodies: 5-LOX, 15-LOX-1, 15-LOX-2, ALX/FPR2, GPR32 (Abcam, San Francisco, CA) and β-actin (Santa Cruz, Santa Cruz, CA), followed by incubation with appropriated secondary antibodies (Fisher Scientific, Pittsburgh, PA) labeled with horseradish peroxidase. Antigen-antibody complexes were detected using a chemilluminescent reagent kit (Thermo Scientific, Pittsburgh, PA). Western blot images were collected on an Azure Biosystem C500 machine (Azure Biosystems, Dublin, CA) and densitometric analysis was performed.
ELISA
RvD1 ELISA kits (Cayman Chemical, Ann Arbor, MI) were used to measure RvD1 expression in REC, rMC-1, PMN and retinal lysates. Equal protein concentrations were added to all wells. Assay protocol was performed according to the manufacturer's instructions. Cross reactivity of this assay for RvD2 and RvE1 is 0.05% and <0.01%, respectively.
Statistics
All experiments were repeated in triplicate and data are presented as the mean ± SEM. Nonparametric Kruskal-Wallis with Dunn's post-hoc tests were used for the cell culture data. Oneway ANOVA with a Student Newman Keul's post-hoc test was done for animal studies using Prism 7.0 software. P<0.05 was considered significant. Representative blots are shown for all Western blot analyses.
Results

Compound 49b significantly increases RvD1 levels and receptors ALX/ FPR2 and GPR32 in the diabetic retina
Since DHA is highly abundant in the retina [1] , we determined whether RvD1 levels and associated receptors, ALX/FPR2 and GPR32 [17, 18] were altered under diabetic conditions ( Fig  1A-1C) . In 2-month diabetic mice, levels of RvD1 (A), ALX/FPR2 (B) and GPR32 (C) were significantly decreased. In contrast, Compound 49b treatment significantly enhanced expression of all three proteins when compared to untreated diabetic mice. These results suggest that Compound 49b may be protective to the diabetic retina through key pro-resolving pathways.
Compound 49b prevents high glucose-induced decrease in RvD1 and associated receptors in REC
To determine which cell types may contribute to the observed RvD1 profile in the diabetic retina, REC in normal and high glucose were treated with Compound 49b. Parallel to the diabetic retina, RvD1 levels were significantly decreased in REC exposed to high glucose conditions (Fig 2A) . RvD1 receptors ALX/FPR2 and GPR32 were similarly downregulated with high glucose ( Fig 2B and 2C , respectively). After treatment with Compound 49b, RvD1, ALX/FPR2, and GPR32 levels were significantly upregulated in REC, despite hyperglycemic conditions, to levels similarly observed with normal glucose.
Compound 49b results in differential expression of lipoxygenase enzymes in REC
5-LOX, 15-LOX-1 and 15-LOX-2 enzymes were significantly increased in REC cultured in high glucose (Fig 3A-3C ). When REC grown in high glucose were treated with Compound 49b, 5-LOX enzyme expression returned to levels observed in normal glucose (Fig 3A) , with further enhanced expression of 15-LOX-1 and 15-LOX-2 ( Fig 3B and 3C) , suggesting that β-adrenergic receptor signaling may differentially regulate key lipid mediator enzymes in REC.
Compound 49b did not affect RvD1, ALX/FPR2 or GPR32 in Mü ller cells
Since Müller cells are the primary residential inflammatory cell type in the retina, we examined whether they respond likewise to high glucose via changes in the D-series resolvin pathway. As illustrated in Fig 4, neither high glucose nor Compound 49b altered RvD1 levels in Müller cells (A). Similar responses were displayed regarding ALX/FPR2 and GPR32 when compared to REC and whole retinal lysates-levels were decreased in Müller cells in response to high glucose (Fig 4B and 4C) . However, Compound 49b had no apparent effect. High glucose conditions decreased RvD1, ALX/FPR2 and GPR32 levels in PMN
To investigate a systemic immune cell type that may respond to retinal damage, isolated murine PMN were exposed to normal and high glucose +/-Compound 49b treatment. Protein levels of RvD1, ALX/FPR2 and GPR32 were detected in PMN (Fig 6A-6C ). Exposure to high glucose resulted in significant downregulation of all three molecules. Compound 49b did not appear to affect RvD1 or GPR32 -levels remained unchanged under both normal glucose and high glucose conditions. However, hyperglycemia-induced decreases in ALX/FPR2 were restored after Compound 49b treatment.
Compound 49b had limited effect on lipoxygenase levels in PMN in high glucose
High glucose conditions significantly reduced 15-LOX-1 levels in PMN, with no effect observed with 5-LOX or 15-LOX-2 (Fig 7A-7C) . Following Compound 49b treatment, levels for all three enzymes high glucose remained unchanged. These results suggest that systemic immune cells may respond differently to β-adrenergic receptor agents compared to residential retinal cells. Compound 49b effects on RvD1 in REC are dependent on β-adrenergic receptor signaling
Compound 49b activity is carried out through β-adrenergic receptor mediated increases in PKA activity [13] . To determine the specificity of Compound 49b's observed influence on the pro-resolving RvD1 pathway, REC were exposed to propranolol, a non-specific β-adrenergic receptor antagonist, or PKA siRNA in the presence of high glucose and/or Compound 49b. As shown in Fig 8A, propranolol abrogated the effects of Compound 49b and resulted in RvD1 levels similar to those observed with high glucose alone. Similar effects were seen with PKA siRNA (Fig 8B) , whereby RvD1 levels were significantly reduced comparable to high glucose alone despite Compound 49b treatment, thus further suggesting a β-adrenergic receptor signaling pathway-dependent effect.
Discussion
Work in the OIR model has suggested that lipid mediators may reduce retinal neovascularization, with lipoxygenase enzymes expressed primarily by circulating cells [7] . Additionally, it has been demonstrated that RvD1 and RvE1, as well as neuroprotectin, are protective in the OIR model, potentially through reduced TNF-α levels [6] . It is well established that early diabetic retinopathy following streptozotocin (STZ) injections leads to increased TNF-α levels [13, 22, 23] . Work in diabetic-induced 5-LOX knockout mice demonstrated that loss of this key enzyme resulted in reduced degenerate capillaries, leukostasis, and NF-κB levels, while reduced leukostasis only was observed in diabetic 12/15-LOX knockout mice [9] . Furthermore, work in humans has suggested that patients with diabetic retinopathy or diabetic macular edema have decreased levels of resolvins and protectins [24] . Thus, it appears that diabetes (both proliferative and non-proliferative) may alter lipoxygenase levels, as well as resolvin activity. However, the regulation and cellular source of these enzymes and resolving pathways is less clear. Regarding the former, there are limited and conflicting data regarding the potential regulatory role for β-adrenergic receptor signaling in relation to RvD1 or lipoxygenase enzymes [14] [15] [16] . Based upon these studies, it is likely that different cell types and/or systems could potentially activate different signal transduction pathways for resolvin production specific to each system. Hence, the current study sought to define potential regulatory pathways associated with RvD1 expression in the diabetic retina and begin to identify the cellular source(s) related to these pathways.
Compound 49b is a β-adrenergic receptor agonist based structurally on isoproterenol with chemical modifications to increase its ocular potency for use as a topical treatment [13] . It has been previously shown to significantly reduce cleaved caspase 3 in the diabetic retina and retinal endothelial cells [13, 25] . Moreover, we have demonstrated that hyperglycemia-induced increases in TNF-α in REC and Müller cells [19, 26] can be effectively reduced by Compound 49b [19, 26] . It has also been found that the protective effect of RvD1 against diabetic retinopathy occurs in part through the suppression of TNF-α [6] . Therefore, we determined whether Compound 49b could regulate lipoxygenase enzymes and resultant RvD1 expression, ultimately contributing to the reduction in TNF-α both in vitro (REC and Müller cell culture) and in vivo (STZ-induced diabetic retina). We also examined PMN to extend our findings to circulating inflammatory cells, given the role of leukostasis during development and progression of diabetic retinopathy. Overall, our data indicate that high glucose significantly reduces RvD1 and corresponding receptor levels in the diabetic retina. Our findings in the STZ-induced diabetic mouse retina are in contrast to findings in the OIR model, where RvD1 levels were not altered [7] . The observed differences in RvD1 could be due to glucose-induced damage versus oxygen-induced damage. However, ALX/FPR2 and GPR32 (RvD1 receptors) were also decreased in the diabetic retina. In addition, similar results were consistently observed for these same molecules tested in REC after exposure to high glucose conditions. Correspondingly, treatment with Compound 49b significantly increased RvD1 expression similar to normal glucose both in the diabetic retina and in vitro using REC accompanied by decreased 5-lipoxygenase and increased 15-lipoxygenase enzyme levels. Upon further examination of retinal Müller cells, a slightly different response was observed. While high glucose resulted in increased 5-LOX and decreased 15-LOX, ALX/FPR2 and GPR32 levels, RvD1 remained unchanged. This suggests that Müller cells have a different profile in response to high glucose than the whole retina or REC, with no change in RvD1 levels, but downregulated receptor expression. Similar to REC and diabetic retina; however, Compound 49b significantly reduced 5-LOX enzyme levels in Müller cells cultured in high glucose, as well as increased ALX/FPR2 levels, suggesting a potential regulatory pathway in Müller cells, albeit much less responsive. Compound 49b did not affect GPR32 levels, indicating that RvD1 would most likely signal through ALX/FPR2 in Müller cells and warrants further investigation. In the diabetic retina, REC and Müller cells, β-adrenergic receptor signaling appears to be pro-resolving, at least in part, through actions carried out by RvD1 and ALX/FPR2. However, this needs to be further confirmed using ALX/FPR2 antagonists and/or silencing of the PI3K/Akt signaling pathway to determine the extent of RvD1/ALX/FPR2 in mediating the protective effects of Compound 49b. Further, given the increased 5-LOX enzyme levels, it does not rule out the potential role Müller cells may have in producing 5-lipoxygenase-driven proinflammatory lipid mediators, such as leukotrienes.
When we expanded our work to circulating inflammatory cells (namely PMN) that are known to enter the retina during leukostasis, yet a different paradigm appeared. Effects of high glucose culturing conditions resulted in decreased RvD1, ALX/FPR2 and GPR32 levels; though were limited to decreased 15-LOX-1 regarding lipoxygenase enzymes. Despite no response of 15-LOX-2 to high glucose exposure, these results are not surprising given that 15-LOX-1 is highly expressed by circulating leukocytes compared to 15-LOX-2, which is thought to be more restricted to tissue expression. And though 5-LOX (and 15-LOX-2) remain unchanged under high glucose conditions, these results suggest that 15-LOX-1 may be the limiting enzyme in the production of RvD1 within the PMN. Furthermore, while RvD1, 15-LOX-1, ALX/FPR2 and GPR32 were significantly decreased in high glucose, only ALX/FPR2 was restored toward normal glucose levels after Compound 49b treatment. Albeit a limited receptor effect, it may have significant implications as RvD1 has been shown to potently regulate both human and mouse neutrophils [4] [5] .
These results suggest that although retinal cells appear to lose pro-resolving and lipoxygenase enzyme responses in high glucose, restoration through stimulation of β-adrenergic receptor signaling pathways may occur. As such, we next confirmed that the observed effects of Compound 49b in RECs were carried out through activation of β-adrenergic receptor signaling, as indicated using propranolol-a non-specific β-adrenergic receptor antagonist. In addition, this specificity was further confirmed using PKA siRNA to silence the downstream β-adrenergic receptor signaling pathway, as both approaches resulted in blunted RvD1 expression under high glucose conditions despite Compound 49b treatment. In contrast, while circulating PMN are partially responsive to high glucose, they did not appear to be influenced by the β-adrenergic receptor agonist. This raises two points as to why PMN alone are only partially responsive to high glucose compared to the response of retinal cells. One potential explanation for the limited response to high glucose may be related to the stimuli. PMN are designed to circulate throughout the body and respond to specific damage. The 25mM glucose used in this study may not be an appropriate damage stimulus for PMN. Likewise, it is possible that other pro-inflammatory signals released from retinal cells or cell-cell contact with REC may be required to elicit a more robust response from neutrophils. To this end, the microenvironment of the retinal vasculature may allow for interplay between REC and PMN that can be influenced by both high glucose conditions and Compound 49b treatment.
Another key question arising from this study is why β-adrenergic receptors may regulate RvD1? In the retina, it is clear that maintenance of β-adrenergic receptor signaling reduces inflammatory pathways [13, [27] [28] [29] . Although it has been reported in activated microglia that isoproterenol (from which Compound 49b is derived) increases (as opposed to decreases) levels of inflammatory cytokines [30] [31], studies were carried out in chronic stress and surgical trauma models-not models of high glucose or hyperglycemia. To this end, we have shown a different effect of 49b on REC and Müller cells. Compound 49b works through β1-adrenergic receptors in REC and β2-adrenergic receptors. In both cases of these cell types, Compound 49b reduces TNF-α [13] [32]. Once we established the actions on TNF-α, we then moved to show its actions on TLR4. From these findings, we hypothesized it may work on pro-resolving pathways, as well. To date, little to no information exists on β-adrenergic receptors and RvD1. Our findings that Compound 49b can increase RvD1 in diabetic whole retina and REC grown in high glucose strongly indicate that this may occur through β-adrenergic actions on cAMP. Work in rat brain astrocytes demonstrated that DHA release can be regulated by calciumindependent phospholipase A2 (iPLA2) [33] . DHA release was amplified by PKA agonist application [33] . Since we have shown that Compound 49b significantly increases PKA [13] , it is possible that our findings on lipoxygenase enzymes and RvD1 may relate to actions on PKA and iPLA2. These will be the focus of further study.
Collectively, these data indicate for the first time a regulatory role for β-adrenergic receptors regarding pro-resolving pathways in the diabetic retina. Activation of β-adrenergic receptor signaling pathway via Compound 49b rescued hyperglycemic-induced decreases in RvD1, its key enzymes 5-and 15-LOX, as well as receptors ALX/FPR2 and GPR32 in the diabetic retina and REC. Future insight into how β-adrenergic receptor signaling pathways influence proresolving mediators in the diabetic retina may contribute to the development of therapeutic modalities targeted at the resolution of inflammation, not simply anti-inflammatory in nature.
